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Theory of probing a photonic crystal with transmission near-field optical microscopy

Garnett W. Bryant, Eric L. Shirley, and Lori S. Goldner
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

Eric B. McDaniel and J. W. P. Hsu
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

R. J. Tonucci
Naval Research Laboratory, Washington, D.C. 20375
(Received 20 January 1998

While near-field scanning optical microscofSOM) can provide optical images with resolution much
better than the diffraction limit, analysis and interpretation of these images is often difficult. We present a
theory of probing with transmission NSOM that includes the effects of tip field, tip/sample coupling, light
propagation through the sample, and light collection. We apply this theory to analyze experimental NSOM
images of a nanochannel gla®$CG) array obtained in transmission mode. The NCG is a triangular array of
dielectric rods in a dielectric glass matrix with a two-dimensional photonic band structure. We determine the
modes for the NCG photonic crystal and simulate the observed data. The calculations show large contrast at
low numerical aperturéNA) of the collection optics and detailed structure at high NA consistent with the
observed images. We present calculations as a function of NA to identify how the NCG photonic modes
contribute to and determine the spatial structure in these images. Calculations are presented as a function of
tip/sample position, sample index contrast and geometry, and aperture size to identify the factors that determine
image formation with transmission NSOM in this experimé¢®0163-1828)06128-1

[. INTRODUCTION the collection process. To understand these images one must
know how the localized source field is influenced by the
Near-field scanning optical microsco@SOM) is an ex-  presence of the sample in the near field, how light scatters
citing class of optical microscopies that can provide opticafrom the sample, and how light is collected in the far field. In
resolution much better than the diffraction limii One re-  this paper, we present a theory for probing with transmission
alization of NSOM uses an aperture that is much smallenear-field optical microscopy. Our goal was to develop a
than the wavelength of the light as a nearly pointlikéon  theory capable of describing all parts of the imaging process.
the scale of\) light source. Typically, an optical fiber is A complete theory is necessary to clearly identify and sepa-
pulled to a 20—100-nm tip and metal coated, leaving a smaltate the contributions made by each step in the imaging pro-
hole in the metal coating at the tip to provide a hanometereess.
scale aperture. This aperture is then placed very close to the We apply this theory to understand transmission NSOM
sample surface so that light emitted from the aperture doesnage$ made recently of a nanochannel-gl&8€G) array®
not diffract significantly before reaching the sample and suThese images probe the optical mode structure of this two-
perresolution, well below the diffraction limik/2, can be dimensional(2D) photonic crystaf. The NCG array studied
achieved. Components of the light that are strongly localizeds a 2D triangular array of glass rods in a matrix made from
laterally by the aperture are evanescent, decaying rapidly aslower-index glass. By heating and pulling this structure the
they move away from the aperture. Tip/sample distance calattice constants of the array can be controlled. High-quality
be adjusted to control the contribution from these evanesceMCG’s with lattice spacings on the order of or much less
tip fields. than A can be made. The surfaces that are scanned have
NSOM images can now be readily obtained. A key step tanearly flat topography. For these reasons, NCG’s provide
the further development and application of NSOM is learn-excellent samples for testing NSOM. A comparison between
ing how to interpret, understand, and analyze these imagetheory and experiment will identify which features of NSOM
In NSOM, the excitation, the detection, or both can occur inare important in this experiment, what determines the ob-
the near field. Strong coupling between the sample and thgerved contrast and resolution in the transmission of NSOM
light source/detector, which is not present in far-field opticalimages, and which features in the images depend on the de-
microscopy, will occur in NSOM. For example, in transmis- tails of the tip field.
sion (reflection NSOM, light from the metallized fiber tip The index variation of the NCG array is periodic in the
couples to the sample in the near field of the tip, while the2D plane perpendicular to the glass rods, so the array pos-
light transmitted(reflected from the sample is collected in sesses the optical modes of a 2D photonic crystal. Because
the far field. The NSOM images are influenced both by thehe glass rods have the higher index, the distribution of these
strong sample/source coupling and by the far-field optics ophotonic modes in this 2D plane tends to be larger in the

0163-1829/98/5@1)/2131(11)/$15.00 PRB 58 2131 © 1998 The American Physical Society



2132 GARNETT W. BRYANT et al. PRB 58

glass rods. However, the index mismatch between core and
matrix glasses is small for the sample studied, so significant Collection objective
coupling of these photonic modes among neighboring cores NA = sin()
occurs as well. A comparison between theory and experi-
ment will show what information about the 2D spatial distri-
bution of the NCG photonic crystal modes can be learned
from probing with transmission NSOM.

We briefly describe in Sec. Il the experimét be mod-
eled and the key findings that we wish to understand. The
theory used to model images obtained by transmission
NSOM is presented in Sec. lll. Each step in the process is
modeled, including the tip fields, the optical modes of the
sample, field propagation from the source through the sample
to the detector, and collection of the transmitted light by the
detector. The model used for the nanochannel glass array is
also described in this section. In Sec. IV the calculations
done to simulate the experiments are presented. The results
show that the theory provides a good description of the ob-
served images. The results allow us to determine which fea-
tures of the near-field optics most affect these experiments.
In this section we also present simulations for transmission
NSOM of samples with much higher index contrast than that
of the samples studied experimentally. Stronger coupling of
the near field to the sample photonic modes is achieved by
increasing the index contrast in the NCG. For this case we FIG. 1. Schematic of the transmission NSOM experiment. The

clgarly identify those fegtures in the transmission NSOM thahanochannel-glass array sample is scanned at constant separation
arise f_rom strong COUP“”Q of the source to t_he SamP'e n th%mross the NSOM tip. The transmitted light is collected by an ob-
near field and determine how to enhance this coupling. Congctive with numerical aperture NA. Key elements of the theory are
clusions are presented in Sec. V. represented schematically. The tip field is described by the Bethe-
Bouwkamp mode(Refs. 10 and 111 The collected light is modeled

as the total flux that leaves the sample inside the acceptance cone
defined by NA and passes through a plane, as indicated, in the far
The transmission NSOM experiment we model is showrfield. The array geometry is indicated.

schematically in Fig. 1. A metal coated fiber NSOM tip was normalized by the average intensityl2¢ I 4)/(1,+14). The
placed about 10 nm from the sample surface. Light transmitzaner of 4 spot corresponds to the tip below the center of a
ted through the sample was collected in the far field by antpannel-glass core. Similar results are seen for hotRor
objective with numerical apertdr’e(NA). The nanochannel jntermediate NA (NA=0.55), the images for the twi are
glass-array sample was scannediandy at constant sepa- ifferent. For the longer wavelength £ 670 nm), the bright
ration above the tip to produce a 2D image of the NCG. Thespots flatten, the light to dark contrast is reduced to 38%, and
images were taken with two different wavelengths of lightthe overall signal level increases. For the shorter wavelength
(=670 and 488 nm Polarization of the light leaving the (\=488 nm), the bright spots become rings, brightest when
fiber tip was controlled by use of fiber paddles. Light wasthe tip is near but not at the channel glass edge, weaker when
collected for three different NA's (NA0.28, 0.55, 0.¥. near the center of the channel glass core, and weakest outside

The nanochannel glass sample studied in the experimenthe channel glass. The light to dark contrast is reduced to
was a 2D triangular lattice of one glagshannel glagsem-  25%. At the highest NA (NA=0.70) this ring structure per-
bedded in another glas@natrix glas$ with similar but  sists for the shorter wavelength with the contrast reduced to
slightly lower index of refraction. The channel glass was15%. For the longer wavelength this ring structure begins to
cylindrical, approximately 745 nm in diameter with center- @ppear and the contrast ratio is reduced to 28%. These results
to-center nearest-neighbor separation of £005.m. The aré independent of the polarization of the tip field and
index of refraction of the matrix glass was 1.65—-1.68 andVeé@kly dependent on the aperture size and the tip/sample
that of the channel glass was 0.2—1.2 % higher in the visibi§eParation in the near field. Typical line scans are shown in
range. ig. 2 for NA=0.70 with the tip about. 10.nm from the

The detailed results for this experiment, including theSample. The scans were done alonga direction that goes
gray-scale images made by transmission NSOM and ”ngetween two adjacent glass cores, as shown in Fig. 1. Dimin-
scans from these gray-scale images, are presented in Ref. |s,-hed contrast and a weak contrast reversal are observed
We summarize here the key findings. For low NA of the

when the tip and sample are widely separated by approxi-
collection optics (NA=0.28), the gray-scale images exhibit

mately 1um.
a triangular array of bright, circular spots with approximately
55% optical contrast between the bright regions, with maxi-
mum intensityl,, and the dark regions, with minimum in- To develop a complete theory for probing in transmission,
tensity I4. The optical contrast is the change in intensitywe must have models for the incident tip field and for the

L B

Array geometry:
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Il. EXPERIMENTAL RESULTS

Ill. THEORY
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FIG. 2. Transmission as the tip scans alongexperimental
scans(d,+) and calculated scans—) scaled to have the same
average intensity and shifted for clarity. The core-glass centers al
marked by vertical dashed lines. At=0 the tip and core-glass
centers are aligned.

electromagnetic modes of the sample. We must correctly a
count for the coupling of the incident field to the sample

modes and for the coupling of the excited sample modes to
reflected and transmitted fields. Finally, we must model the

collection of the transmitted light. These steps are modele
in the following four sections.

A. Tip field

Rigorous, three-dimensional calculations of the fields
emitted by a tip with a hanometer aperture are difficult and

numerically intensiv&:® The Bethe-Bouwkamp (BB)
modef%!!
cessfully usetf'* instead of the numerically intensive ap-

proaches to model the tip field. In this paper, we use the BB

model. As our results will show, the BB model provides an
adequate representation for the tip fields in the experimen
we describe so we did not test any of the modskse, for
example, Refs. 15—)%hat improve upon the BB model.

In the Bethe-Bouwkamp model, the near field of a ta-
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is a simple approach that is commonly and suc-
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termined fromJ,,, and p,,,. The electric and magnetic fields
transmitted by the aperturg,, and B,,, were obtained by
taking appropriate derivatives of the vector and scalar poten-
tials. Summarizing,

Eap=VXAn, (1)
Bap= —iKoAn—V ¢, (2)
where
eikor
A= f In S da, 3
eikor
d’m:me r dA. (4)

The integrals are done over the are®f the aperture, and
is the distance from the field point to the source point in the

rSperture. For a plane-wave electric field, linearly polarized

alongx with amplitudeE, and incident normal to the screen,
the magnetic charge and current densities at a source point

L(x,y) inside the aperture are

2yEy

—_— 5
N ©

Pm=—
d

and

B 2ikoxyEy

mx— )
3772 /a2_x2_y2

J (6)

_ 2ikoEq(2a%—x*—2y?)

372Xy

)

my

1gnd

Jm~—0. (8)

The fields transmitted when the incident field is linearly po-

pered, metal-coated tip is modeled by the near field of thdarized alongy can be obtained from Eq&l)—(8) by apply-

light transmitted by a circular aperture with radiasin a

ing the appropriate rotations. Transmitted fields for arbitrary

perfectly conducting, thin, metal screen when a linearly po4incident polarization can be obtained from the appropriate

larized, plane-wave field is incident normal to the scresse

linear combination of these two sets of fields.

Fig. 1). Bethe and Bouwkamp calculated the fields, accurate All of the experimental images were made with the tip

to orderkoa, ko=2/\, for this problem 50 years ag8!!
Most NSOM experiments are done in the range<tkja

axis, taken here to be along thalirection as shown in Fig.
1, parallel to the glass rods in the NCG and normal to the

<1.5, where the BB fields give reasonable results. ASNCG surface. To model images, we must do calculations for
pointed out by Grober, Rutherford, and Harris, the higher-different positions of the aperture in any plane at a fixed
order corrections to the BB result change only the ratio ofdistance from the NCG and for different distances between

electric to magnetic field amplitudes without strongly affect-
ing the spatial variation of the fiefd.

Bethe originally solved the problem in terms of a ficti-
tious magnetic surface-charge density, and a magnetic
surface-current density,, that exist inside the hole in the
screen. Bouwkamp corrected tlig, determined by Bethe.
Magnetic vector and scalar potentials, and ¢, were de-

the tip and the NCG surface. These calculations are most
easily done inx-y Fourier space because the NCG is peri-
odic inx andy. To do these calculations we need the 2D
Fourier transform of the tip fields. We first obtain the 2D
Fourier transform of the tip fields in any plane a distance

z, from the plane of the aperturek,{k,,ky,z;) and
Bag(Kx Ky 1 Zo) by numerical fast-Fourier transform. From the
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free-space propagation, we can obtain the Fourier transforrdsing the definitiong=Vn/n, the Maxwell equations be-
of the tip field at any othex-y plane in free space at a come
distancez from the aperture. For the electric field,

V-B=0,

EadKx Ky, 2) =exfdik(z—20) |Eafkz Ky, 20),  (9) VoF+F g0,
where the wave vectds, for propagation along is obtained (13
from the free-space dispersion of a mode with trans- o
verse wave vectork ky), k,= Vk3—kZ—KZ. The phase of VXB=— n'(E) F,
k, is chosen so that the propagating motlegeal) are mov-
ing forward away from the aperture and the evanescent o
modes(k, imaginary are damped going away from the ap- VXF—gX FZ”'(E) B.

erture. A similar equation applies for the magnetic field.

Translations of the tip field in ar-y plane are achieved by To find the modes of the NCG, we treat the NCG as

translating the phase of the Fourier transform of the fieldtranslationally invariant along. The NCG is periodic irx

Shifting the tip from (0,&,) 10 (Xap:Yap:Zapy changes the andy, son andg have the form

Fourier components fronE,{Ky Ky ,z,) to exg—i(kxyp

+KyYap JEafKx. Ky, Zap) - n(x,y,z)=% n(G)exfi(G,x+Gyy)],

B. Optical modes of the nanochannel glass array (14
Typically, when the modes of a 2D photonic crystal are g(x,y,z)=2 d(G)exdi(Gx+Gyy)].

determined, the band structure for the mode frequeacys ¢

ky, and ky, is found for kZ=0.9 To model transmission The field modes must have the form

through an NCG, we need a different set of the optical

modes; we need all propagating and evanescent modes, all

k,, for a givenk,, ky, andw. For that reason, we solve an

eigenvalue problem fdk, rather than an eigenvalue problem

for . We begin from the Maxwell equations for electric and X exp{i[ (ax+ Gy)x+(ay+ Gy)y+k7z]},

magnetic field€ andB with frequencyw, (15)

BmQ(x,y,z):EG‘, B™I(G)

V-B=0,
F™(x,y,2)=2 F™(G)
V-n%E=0, 10 ¢
X expli[ (ax+ Gx)x+(ay+Gy)y+k7z]},
w
VXB= —n2i(3> E, where G are the 2D reciprocal lattice vectors for the NCG
triangular latticeq is in the first Brillouin zone, an#}" is
the eigenvalue for thenth mode for a giveny.
B, Define k,=0q,+ Gy, k,=g,+G, and the convolution
(n*F)(G)=3¢/n(G—G')F(G’) where the sum is over the
wheren is the local index of refraction in the NCG. Defining 2D reciprocal lattice vector§8’ and similar definitions apply
F=nE. then for other pairs ofn or g convolved withB or F. For a given
' g, the Maxwell equations couple field-Fourier components

o)
V><E=i(—
C

1 n 1 with differentG. The equations arésuppressing the Fourier
VXE=VX o F)=—F><F+EV><F, and eigenmode indicgs
11 ©
V-n?E=V.nF=nV-F+F.Vn. ikyBy—ikyBy+i E)n*FZ=0, (16)

From this we have the following Maxwell equations:
. ) | @
ikyFy—ikyFy—gy* Fy+gy* Fy—i (E) n*B,=0, (17

V-B=0,
vn ik,B, +ik,B, +ik,B,=0, (18)
V-F+F- ?20,
(12 ikyFx+ikyFy+ik,F,+gyxF+ g xF =0, (19
XB——I’]I E F, |ksz_|szy:_|(E)n*FX’ (20)

Vn o . . @
VXF—7XFZHI < B. ik By—ikyB,= —i ° n*FY’ (21
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_ . ) equation. The field in the free-space region containing the
ikyF,—ik,Fy—gy* Ff'(g) n*B,, (22)  collection optics is the transmitted field,
w _ ; t
P K, g Fzzi(z%*By, @3 E00y.2)= 2 Eug(kexifitkxr ky +ki2)], - (31

The first two equations, Eq§l6) and(17), come from equa- wherek!, is determined from the free-space dispersion. The
tions that have no derivatives of tefield components and phase ok, is chosen so that propagating modes are forward
have no dependence én. These equations provide homo- propagating and evanescent modes are damped as the mode

geneous constraints on the solutions to the eigenvalue prolmoves from the NCG sample toward the collector. The field

lem defined by Eq918)—(23). Written in explicit eigenvalue
form, Eqgs.(18)—(23) become

(O]
kyB,— (E) n*F,=Kk,B,, (24)
w
kyB,+ o/ Fy=k.By, (25
—kByx—k,By=k,B,, (26)
w .
it By+ kiF,+igy*F,=K,Fy, (27
w .
s n*B,+k/F,+ig,*F,=k,F, (28
—KFetigy Fi—kyFy+igy*xF =k F,. (29

Equations(24)—(29) and the two constraints, Eqél6) and
(17), guarantee that for a gives we will have four modes

in the NCG is

Enca(Xy:2)= 2 angE™(xy.2). (32
where thea,, are the amplitudes for the modes excited in
the NCG. At each NCG surface, we have the boundary con-
ditions that the two tangential electric field componelis
andE, and the two tangential magnetic field componeBits
andB, be continuous. These four conditions define the set of
matrix equations that are solved to determine the amplitudes
for the Fourier components of the reflected and transmitted
fields and for the excited NCG modes.

When calculating transmission through a film, one must
worry about the effects of multiple reflections between the
sample surfaces that can produce resonant transmission and
Fabry-Peot oscillations. We calculate transmission for thick
NCG samples, as used in the experiments. These samples are
much thicker thar\. We also do calculations for films much
thinner than\. We study these two limits to investigate the
effect of sample thickness on image formation. We have no
problem doing the calculations when the film is thinner than

perG. These four modes correspond to two polarizations fol, because transmission resonances do not occur. For the

eachk, and —k,. For k,——k,, we have E,,F,,F)
—(—F«,—Fy,F,) and B4,B,,B,)—(By,B,,—B,), as can
be checked by inspection of Eq4d.6), (17), and(24)—(29).

C. Field transmission

thick samples, we have to be more careful. Resonances can
be sharp when the sample has a uniform thickness that is
much greater than. In real samples these resonances are
broadened because the sample thickness is not uniform.
However, our calculations are done for samples with uniform
thickness. Spurious effects from sharp resonances in the

We determine the transmission of the incident tip fieldyansmission can occur because we include only a finite set
through the NCG by solving the standard boundary matchingy reciprocal lattice vectors in our representations of the in-
problem for transmission through a film. We assume that thgjey and the field$Egs. (14) and (15)]. Typically, we sum
total field in the free-space region containing the tip is thegyer | reciprocal lattice vectors with lengths less than 3—4
incident tip-field plus the field reflected by the NCG. Explic- {imes the length of the fundamental reciprocal lattice vectors.

itly, the reflected field is

E,(X,y,2)= kE E, p(K)exdi(kx+ky+kiz)], (30
P

where the sum is over lateral wave vectdes (k,,k,)
and the two polarizationp. The z wave vectork) is

obtained from the free-space dispersii vkj—k;—k?.

Numerical diagonalization to find the eigenmodes becomes
very time consuming if we include more reciprocal lattice
vectors. Small changes in the cutoffs make only small
changes in the modes. This can result in large changes of the
specific modes that are resonant at a particular sample thick-
ness. We have checked that the effects of these resonances
are spurious by varying cutoffs for the wave vectors we in-
clude and by varying the sample thickness. We can eliminate

The phase ok} is chosen so that propagating modes arethese spurious effects by increasing the cutoffs. However, for
forward propagating and evanescent modes are damped Bgical cases, it is computationally too expensive to increase
the mode moves from the NCG sample back toward the tipthe cutoff enough to eliminate all spurious effects. To elimi-
The two polarization vector&, ,(k) are chosen to ensure nate these spurious effects simply, we add a damping factor
that V-E=0 for each free-space mode. Reflections off theto all of the propagating NCG modes. For all NCG modes
tip are not included. This is the only approximation, otherwith real k,, we include an imaginary ternftypically

than the use of the Bethe-Bouwkamp model for the sourc€.01um™] to the z wave vector to damp waves as they
field, that we make for the local fields near the tip. As ourpropagate across the sample. This damping reduces the ef-
results will show, including multiple reflections is not impor- fects of the multiple reflections between the sample surfaces,
tant for the experiments we modé#, is defined by a similar broadens the resonances, and thereby eliminates the spurious
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effects in the contribution from resonances. In the experi- C
ments, variations in sample thickness break the coherence of  l=g > Re(E(ky,ky)BY (K, ky)
multiple reflections and eliminate resonance effects. Our use Vet kg=2min

of a damping factor is a simple way to mimic this phase
breaking and eliminate resonance effects. We use the same
damping for all propagating waves. We also choose this
damping to be much weaker than the damping of any of thé—he OptiCS collects Iight within the cone defined by the nu-
evanescent modes. As a consequence, the damping we intﬂ@El’iC&| aperture, reducing the cutoff for Iight collection from
duce reduces the overall intensity of the transmitted lighthe free-space cutoff@/\ to 2rNA/X\ where NA=sin ¢ in
without affecting the relative transmission amplitudes of dif-free space. Thus, the total intensity of transmitted light
ferent Fourier components of the transmitted light. Thus, thé&ollected by the optics is

damping that we include does not affect the transmission line

- Ey( kx rky) B:(kx rky)}- (36)

scans we calculate, other than to change the absolute scale of c

the transmission intensities. We get the same transmission |=g— Re(E,(ky,ky)BY (ki ky)

P . 8m 7,2

line scans, except for the overall scale factor, when we elimi- VG +kg=27NAN

nate spurious effects of the resonances by increasing the .

wave-vector cutoff. —Ey(Ky,Ky)BX (Ky,Ky) (37
D. Image formation Simulated images are obtained by calculatiras a func-

To model transmission-NSOM images, we need to calcytion of the relative positions of the tip and sample. In this
late the amount of the transmitted light that is collected byP@Per we present one-dimensional line scans of these images.
optics with a numerical aperture NA. We use the following
simple mode(seg Fig. 1L We assume that the optics collects E. Nanochannel glass model
all of the transmitted flux that passes throughxay plane in o _ _
the far field away from the NCG. All flux leaving the NCG ~ AS shown in Fig. 1, the NCG sample is a 2D triangular
within the numerical aperture of the optics, the anglé lattice of glass' rods in a glass ma}nx. We assume that rc_>ds
Fig. 1, is collected. are perfect cylinders. In the experiments, the lattice spacing

To calculate the total intensity of the collected lighwe 1S 1.07um and the core radius,=0.37um. We use these

first need the time-averaged Poynting vector for a harmoni¥@!ues to model the measured images. We do additional cal-
free-space field with frequenay, culations with other lattice parameters to further test the po-

tential of NSOM for probing these structures. The measured
C samples are approximately 2n0n thick. We use this thick-
(S(x.y,2))=g— RE[E(x,y,2) XB*(X,y,2)}.  (33)  ness to model the measured images. Our results for thick
samples are insensitive to sample thickness because we
The flux passing through ar-y plane in the far field is eliminate Fabry-Pet oscillations by use of the damping fac-
(SAX.y,z—®)). tor. We also consider thin samples where sample evanescent
Using a 2D Fourier expansion to write the fields, modes, excited by the tip field, can be transmitted through
the sample. We assume that the index of refraction is real
E(X,y,2)= 2 E(Ky,ky)exili (kex+k,y) Jexplik (z—29)], and uniform in each glass, has the bulk value in each glass,
K Ky and has a step discontinuity at the core/matrix glass inter-
(349  face. This is the only assumption that we make about the
nflielectric structure of the NCG. The matrix glass has a bulk
index of refraction of 1.678 fon=488 nm and 1.657 for
=670 nm’ The core glass has a higher index so it acts as a
uiding region. ForA=488 nm, the index difference is
n=0.011’ For A=670 nm, the index difference is
An=0.019/ We use these values to model the measured
images. Other calculations are done with higher for ad-
1 ditional tests. The scanned NCG surface was polished. The
ItotEW f dx dXS,(x,y,2)) core glass etches preferentially during polishing, leaving
3.5+ 0.5 nm depressions centered on the channel glasses.
The experimental scans are done at constant sepamagion

wherez; is the position of the back sample surface, the su
is over all 2Dk space,k, is obtained from the free-space
dispersion, and the phase kf is chosen to give forward- A
propagating or damped waves going into free space awa
from z5. A similar equation holds foB. The integrated flux
passing through thg-y plane atz is the total intensity,

=8- R kzk Z-[E(Ky ky) X B* (k. ky) ] between the tip aperture and the NCG. For the calculations,
Xy we model a flat surface, ignoring the effect of these small

) . depressions on the fields at the sample surface. Our results

xXexfi(k,—kz)(z=2z5)]¢. (85 show that the transmission NSOM images are determined by

the coupling of the tip fields to thbulk photonic modes of
For propagating modek,=k} and for evanescent modes the NCG and should not depend on the surface structure.
k,=—kJ . In the far-field limit, the exponential factor van- Also, our results do not change much for nm-scale changes
ishes for evanescent modes and is 1 for propagating modeis, z,, or sample thickness so we can ignore topographic ef-
thus fects on the calculated images.
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FIG. 3. Reciprocal lattice pointé®) and first Brillouin zone FIG. 4. Transmitted intensity line scan alomg \ =488 nm,
boundary(—) for the NCG sample. Cutoff wave vectors far tip/sample separatiom,,=10 nm, tip radiusa=50 nm. Depen-
=488nm (—) and 670 nm(- - - -) are shown. Each inner dence on collection optics NA is shown. Positions of channel-glass
(outep circle is for NA=0.28(0.7). centers(c) and bridge sitegb), the midpoints on the lines joining

adjacent glass centers, are shown.
F. Significance of NA andk-space cutoffs
creases, more of the transmitted light is collected and the

sh?v:rthl\latcfollee)izrzi)rrgmoer:i%éail XV ﬁ!saz g:rhoir e:#eeéltn:)enﬁfénsgverage transmitted intensity increases. The peaks broaden
S ) P g€ . and flatten and the peak/valley ratio decreases. AENS
mission NSOM image contrast. The collection optics NA

determines which transmitted modes are collected. Figure @'7) for A =488 (570) nm, th_e pegks abo‘.“ core centers de-
velop structure with depressions in the middle and side peaks

shows the reciprocal-lattice points for the sample studied ex-" ;
perimentally. Also shown are the boundary for the first Bril- ~0.2um from the centers. These side peaks produce the

louin zone and the cutoffs for the transverse wave vector that 9 structu_re observed in the experlme_ntal Images. The ex-
erimental images at 0.7NA show the rings prominently for

determine which transmitted modes are collected by the op- — 488 nm but only hint that rings are starting to appear for
tics for differenth and NA [see Eq.(37)]. The transverse 670 nm. Our calculations also show that the rings form at

wave vectors for transmitted modes that are collected b th?: )
y ower NA for shorterh. This occurs because morelospace

optics lie inside the cutoff. As NA increases, the cutoff for . lected. f . NA for Shorter. S | th
mode components that are collected by the far-field detectdp CO!'€Ccted, Tor a given A, Tor Shorter. Scans along other

increases. Also, for fixed NA the cutoff increases with de_dwecthns(see Fig. 6 for scans along give similar .res.,ults..

creasing\. For NA=0.28, the cutoffs lie well insidéat) the In particular, the structure inside the glass core is identical
boundary of the first Brillé)uin zone for=670 nm(488 nm. for the scans along different directions, confirming the cylin-
For NA=0.7, the cutoff extends to the edge of the secon rical symmetry of this structure. This gives evidence that

Brillouin zone forA=670 nm and into the fourth Brillouin he structure in the peak is du_e 0 trans_,m|tted light that
zone forA =488 nm. From our results we find that the Scanspropagates through the sample in photonic modes that are

for different A are similar if the scans have similar cutoffs corllci:eg:(raat; ds;]nowse gylclzrc])(rj:C:rl:;/oiyrg];n;tglceiofr?rhental and
and thus have contributions from similar sets of transverse 9 P P

wave vectors. Thus the scans for=670 nm are similar to calculated line scans along at NA=0.7 for bothA. The
- curves have been scaled to have the same average value and
those scans fox =488 nm done at smaller NA.

then shifted for clarity. There is strong qualitative agreement

c c NA

IV. RESULTS 1000 °

A. Line scans

b
800 - "W— o7
First, we show that the theory is able to describe the im- ] :

ECEREE iy

ages of the NCG made with transmission NSOM. Calculated 600 —W— 0.6

line scans along of the transmitted intensity are shown in
- : ~ 0.5
400 \/\/

Figs. 4 and 5 forA=488 and 670 nm, respectively. The

intensities are given in arbitrary units. However, the same 04
units are used for these two figures and for all other figures
that deal with the same NCG, except where it is noted that

the results have been rescaled. Thus, intensities plotted in —t— g'f
different figures for the same NCG can usually be compared 0_15 " E 00 05 10 15'
directly. The dependence on NA is shown. The calculated ’ ' ) x(ﬁm) ) ’ ‘
line scans reproduce the key features in the measured line

scans. For small NA, the line scans are peaked at the channel FIG. 5. Transmitted intensity line scan alomg A =670 nm,
glass centers, with a peak/valley intensity ratio of about 1.5z, =10 nm,a=50 nm. Dependence on NA is shown. Positions of
even though the index contrast is only 1-2 %. As NA in-channel-glass centefs) and bridge sitegb) are shown.

Intensity (arb. units)

g

200 _ 0.3

é
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3000 c 3fb ¢ b3 ¢ NA | into these two contributiond,=1,+Al. |, is the mini-

: : mum intensity. This is the uniform intensity that is transmit-
ted and collected, regardless of the tip positidn. is the
variation in the line scan above the minimum intensity.
includes the structure in the line scan. Figures 4—6 show that
|, is approximately the collected intensity at the bridge site,
which varies approximately as NA The uniform response
of the NCG is proportional to the total phase space area of
the collected light. The amplitude for variations &f for a
0.3 line scan along is the difference in intensity,— |, between
center and bridge sites. As a function of increasing NA,
—1,, first rapidly increases, peaks, and then slowly decreases.
The amplitude for variations iAl is a maximum for line
scans collected with NA40.3—0.35 forA =488 nm and NA
~0.4—0.45 forA =670 nm. For both\, the maximum am-
plitude for variations in a line scan occurs for collection with
tions of channel-glass cente(s), bridge sites(b) along x, and MNA~Ar,, wherer is the radius of the channel glass. The

threefold sites(3f) alongy are shown. The threefold symmetric minimum wavelength\ i, for the in-plane variation of the

sites are at the middle of the triangles formed by three adjacer“ght CO”‘_ECted by thg optics for.a .parti.CUIar_ NA }/NA.
nearest-neighbor glass centers. The maximum amplitude for variations in a line scan occurs

when the scans are collected with an NA that just accepts

between the data and the calculations, as we have alreadight concentrated in modes that can fill the channel glass
discussed. The ring structure occurs at similar positions, wetore with half a wavelengtfi.e., the lowest order “channel”
inside the edge of the channel glass, in both the experimentatode with transverse wavelenghfy e 4r.~\mi, as one
and calculated scans. This ring structure is not directly rewould expect if the channels were waveguides with strong
lated to the channel glass edge but is connected to the spatiednfinement of the fields
distribution of NCG photonic modes. The most noticeable
differences are in the intensity ratios. The depressions in the
peaks for 488 nm are more pronounced in the experimental
line scans than in the calculated scans. The experimental data Calculations have been done to determine the effect of
typically show more contrast than the calculations. For exstructure in the tip field on the line scans. In the Bethe-
ample, the small dip in intensity at the threefold site for a Bouwkamp model for the aperture field, the polarization of
scan is harder to see in the calculated sdaas Fig. 6than  E,,is determined by the polarization of the plane-wave field
in the experimental dataThe experimental intensity ratios incident on the hole in the screen. We tried different polar-
at 0.28 NA, for peak/threefold site and bridge/threefold siteizations of the incident field in the BB model and found no
are 1.58 and 1.18 fon=488 nm and 1.60 and 1.10 for significant differences in the calculated line scans. This is
A=670 nm’ The calculated ratios at 0.3NA are 1.69 andconsistent with the experimental observation that the images
1.05 forA=488 nm and 1.51 and 1.02 far=670 nm. At  were insensitive to polarization. This insensitivity is another
0.7NA, the experimental peak/threefold site intensity ratiogndication that the local variations in the images arise from
are 1.15 forn =488 nm and 1.28 foh=670 nm/ The cal- the NCG photonic modes that are concentrated in the
culated ratios at 0.7NA are 1.08 far=488 nm and 1.14 for channel-glass cores and have cylindrical symmetry in the
A=670 nm. In all cases, the experimental and calculated incores.
tensity ratios are similar. In all cases except one, the experi- The effect of the separatian,,, of the aperture from the
mental ratio is larger than the calculated ratio. This suggestdCG and of the aperture radiason the line scans has been
that the calculations may underestimate slightly the couplingested as well. Figure 7 shows the dependence,gfor A
to the NCG modes that are concentrated in the glass cores488 nm and 0.7NA. Similar results were seen for other
and produce the structure in the line scans. Some of the smallA’s and for A=670 nm. As the tip/sample separation in-
disagreement between experimental and calculated intensityeases, there is little change in the average collected inten-
ratios can probably be removed by using better models fosity. There is also little change in the structurd inntil the
the NCG and its dielectric profile, the tip field, or the mul- contrast reverses at largg, (z,,~500 nm). This suggests
tiple scattering between the tip and the NCG. We have nothat the NCG modes that transmit light through the thick film
yet tested these possibilities. do not couple efficiently to the strongly localized evanescent

Consider the followingsimpleanalysis of the transmitted modes emitted by the tip and that the structure in the line
intensity to understand the structure in the line scans. Thecans is related to the mode density in the NCG rather than
index difference between the core and matrix glasses in ththe field distributions near the tip. Line scans calculated by
NCG is small, so much of the collected light will be trans- including only the propagating tip modes are almost identical
mitted through the NCG in extended, nearly uniformly dis-to line scans calculated with both the propagating and the
tributed modes. The channel glass does have the higher ievanescent tip modes. This confirms the experimental obser-
dex, so some of the collected light will be transmitted invation that the evanescent tip modes did not couple effec-
modes more concentrated in the glass cores. The line scatigely to the modes in the NCG that was imaged. The aver-
can be better understood by separating the collected intensigige collected is insensitive t@,, because the tip modes that

0.7

2400

1800

1200 +

Intensity (arb. units)

600

-5 -10 05 00 05 1.0 15

FIG. 6. Comparison of transmitted intensity line scans aleong
(—) andy (- - - -): A=488 nm, z,;=10 nm, a=50 nm. Posi-

B. Importance of the tip field
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2500 +———— |‘5 " Io - FIG. 9. Transmitted intensity line scan alomg A =488 nm,
10 15

—
15 <1005 00 0. Z,,=10nm, NA=0.7, a=50 nm. Dependence on channel-glass

. . X(Hm) i core radius is shown.
FIG. 7. Transmitted intensity line scan alorRg\ =488 nm,a

=50 nm, NA=0.7. Dependence on tip/sample separatigy) is

shown =300 nm. The structure weakens and reverses contrast when

the tip becomes wide enough to couple to multiple channels
simultaneously.

couple to the NCG are propagating modes that reach the

NC(_; without any decay in IntenSIFy. Whagp is small, the C. Significance of photonic-crystal optical modes

tip-field couples to one core at a time. The contrast reverses

at largez,, possibly because the coupling to multiple chan-, Inl this section lvve SI’hOW tr?at the §trucftur:e inhthe line scans
nels simultaneously is more efficient when the tip is betweer® '€ ated more closely to the densny of the photonic modes
Ithe NCG that are concentrated in the cores and not as

channels rather than centered on a channel. Contrast reverd . .
. closely to the density of the more extended, nearly uniform
at largez,, was also observed experimentally.

The dependence of the line scans on tip radiis shown modes or to the structure in the tip field. We Ppresent line
N . scans for different channel-glass sizes and different NCG
in Fig. 8 at 0.7NA andh =488 nm for the tip close t0 the |,yice constants in Figs. 9 and 10. The calculations are done
NCG, i.e.,Z,;=10 nm. Similar results were seen for other 5 o 7NA andh =488 nm for a 50-nm tip radius. As the size
NA and \. The intensity of the aperture field increases rap-of the channel glass increases, the width of the central peak
idly with increasinga. We eliminate this dependence by in the line scan increases. The separation between the side
scaling the line scans to have the same average intensity. leaks that produce the rings in the images also increases. For
the figure, the scans have been shifted for clarity. For smakach core size, the ring structure occurs well inside the chan-
tips witha=<100 nm, the structure is independent of tip size.nel glass and does not give a direct measure of the channel-
Again, this suggests that the NCG modes that transmit lighgjlass size. Additional structure develops as the glass core
through the thick film do not efficiently couple to the

strongly localized tip modes. The structure persists but weak- 3500 c b c b c
ens for 106sa=300 nm and the contrast reverses fr : ; 160
] i .60 um
' | H 0.37 pm
N b = 3200 . ; :
1300 : : A a(nm) E ! :
| H | : ' T— ! g
1 0 25 £ \/’-‘/\/\"\/ 1.60 pm
12007 ! : 5 & 2900 : ! 0.74 im
_ 11004 1 ’\/‘“ 50 g . ! : L
é ] l : 100 }LE ' , 1.07m
3 1000 4 “\/"\/"’ = 2600 ' ' 0.37 um
8 900 A0t —F— —+ |25 ! .
2 P : );\/\/* 0.50 um
g 809 —+ —— 300 2300 4 : : i 0.19 um
E 700 —~/E\"~/+\_,—— 372 T .I T I| v | T |l T T
1 i : -5 10 05 00 05 10 15
- —_— 1 L
600 1 : ! ] 500 X (Lm)
500 it T -
15 10 -05 00 05 10 15 FIG. 10. Transmitted intensity line scan alorg A =488 nm,
X (um) Z,p=10 nm, NA=0.7, a=50 nm. Dependence on lattice constant

and channel-glass core radius is shown. The curves are all on the
FIG. 8. Transmitted intensity line scan alomg A=488 nm, same scale but have been shifted for clarity from the scan for the
Z,,=10 nm, NA=0.7. Dependence on tip radiasis shown. The experimental sampléattice constant 1.04:m and core radius,
line scans have been scaled to have the same average intensiy0.37 um) by multiples of 300. The positions of the core centers
(1000 on the scale uspdnd then shifted for clarity from the scan (c) and bridge sitegb) for the NCG studied experimentally are
for a=100 nm by multiples of 100. indicated.
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FIG. 11. Transmitted intensity line scan alorg A\ =488 nm, FIG. 12. Comparison of transmitted intensity line scan aleng
Z,;=10 nm, a=50 nm. Dependence on NA is shown. The NCG A =488 nm, a=50 nm, z,,=10 nm (—), and 50 nm(- - - -).

lattice constant is 0.53am, the channel-glass core radius is 0.186 The NCG has the same lattice parameters, thickness, and index
pm, and the index contrastsn=1.0. The NCG sample is 250m contrast as in Fig. 11. Dependence on NA is shown.
thick. The vertical lines indicate channel-glass centejs bridge
sites(b), and edges of the channel glass be 250um as in the experimental samples. The calculations
were done as a function of NA for=488 nm with a 50-nm
increases in size and additional modes can be concentratedratlius tip, scanning 10 nm from the NCG. The structure in
the cores. The ring structure is eliminated by reducing thdhe line scans is similar to that obtained for the experimental
core size and making it difficult for any mode except thesamples with only 1-2 % index contrast. At low NA, a single
lowest-order mode to be concentrated on the cores. The lingentral peak occurs. As NA increases, this peak broadens,
scans show a similar dropoff near the glass-core edge fdtattens, and then evolves into the ring structure. However,
different core sizes, indicating that the spread of corelikethe peak/bridge site contrast ratios are much larger when
modes into the matrix glass, which depends weakly on coreAn=1. A comparison of line scans of the higtn sample
glass size, determines the dropoff. The core-glass size artbne atz,,=10 nm with line scans done af,=50 nm(see
the lattice constant can be varied separately. Figure 10 shovsg. 12) shows a much stronger dependencezgythan seen
that the structure in the line scans is determined by the NC@or low An samples(Fig. 7). There is a large decrease in
modes that are concentrated to the glass cores. Increasing ttwgal transmitted intensity for the same change in tip height
NCG lattice constant increases the spacing between the maivhen An=1. More importantly, the structure in the line
features in the scan without changing the structure in thosscans of the higlAn sample changes significantly as the tip
features. height changes from 10 to 50 nm. The ring structure disap-
pears wherz,, is increased from 10 to 50 nm above the high
An sample.
) ) ) _ . These calculations were done for a 2b+thick sample.
The structure in the experimental images and in the lin§yany of the NCG modes that couple to tip-evanescent fields
scans discussed so far results because the NCG supports pRpa evanescent modes. These NCG modes make a negligible
tonic modes that are concentrated on the channel-glass coregntribution to transmission through a thick sample. Trans-

The structure is insensitive to the t_ip field when the tip-field yission of evanescent fields from the tip through the sample
only couples to one channel at a time. Contrast reversal oc-

curs when the tip field couples to multiple channels simulta- ¢ b

D. High-contrast samples

C € C

neously. Transmission of the evanescent near fields from the 1.5
tip through the NCG is negligible in the samples studied for

. | 0.7
two reasons. First, the transverse wave vektgrfor local- 18 Jnt\!
ized evanescent modes emitted by the tip is much larger than £ 10l /\/‘\/\ g

0.6
the reciprocal-lattice basis vectors of the NCG samples, i.e., /\/\/\

ke~ m/(2a)>G, G). The evanescent modes can couple to 1 ! I 05
the NCG photonic modes in the experimental samples only i ; l s

through very high-order Fourier components of the index-of- '
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refraction profile. To enhance this coupling, one can reduce
the NCG lattice constant so that the tip field and the index

{.{

. . . PN YT N\ 0
profile vary on the same length scale in the plane, i.e., so that 0.0 =
key is comparable ta? and GJ. One can also increase the 0.50 - -0.25 (()'00) 0.25 030
X (Um

index contrastAn. In Fig. 11 we show line scans calculated
for an NCG with half the lattice constant and half the core- £, 13. Transmitted intensity line scan alorg \ =488 nm,
glass radius of the experimental samples, with the same ir)_rap= 10 nm, a=50 nm. Dependence on NA is shown. The NCG
dex for the matrix glass as in the experimental samples, buttice constant is 0.53&m, the channel-glass core radius is 0.186
an index contrasin=1 that is much bigger than in the um, and the index contrast isn=1.0. The NCG sample is 0.10
experimental samples. The sample thickness was chosen tn thick.
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¢ field to the sample modes, and transmission of the fields to

the collection optics. The theory is able to reproduce the key
NA features observed in the experimental images, including the
evolution of the images with increasing numerical aperture
of the collection optics and the dependence on wavelength.
Most importantly, the theory is able to explain a ringlike
structure that develops in the images as the numerical aper-
ture is increased.

For the samples studied experimentally, transmission
NSOM probes most directly the photonic mode structure of
o2 the nanochannel-glass array. The structure in the images can

0.0 Li—=re R be related to the photonic modes of the array that are
050 025 000 025 050 strongly concentrated at the glass cores. The numerical aper-
X (pm) ture of the collection optics can be varied to control the size

FIG. 14. Comparison of transmitted intensity line scan aleng  of the phase space of the photonic modes that is sampled by
A =488 nm, a=50 nm, z;;=10nm (—), and 50 nm(- - - ).  the transmission experiments. Angle-resolved mapping of
The NCG has Fhe same lattice parameter_s, thickness, and indgxe photonic modes could be achieved by collecting light
contrast as in Fig. 13. Dependence on NA is shown. transmitted at specific angles. The structure in the images is

: , . insensitive to the details of the tip field because the samples
can be enhanced by reducing the sample thickness. Figure 34 1o couple strongly to the localized evanescent modes
shows line scans done fo_r the same sample as for Fig. 1dyixeq by the tip. In these experiments the images become
except that the sample thickness is only Quh. Increased  songjtive to the tip field only if the tip field is so broad that it

transmission of the evanescent tip fields by the evanesceph, gjmyitaneously excite multiple channel-glass cores in the

sample modes greatly enhances the structure in the Iin&rray.

scans. The ring structure is much more prominent. Addi-  =gntast and structure in the images can be enhanced
. . X . %reatly by increasing the transmission of the evanescent tip
is now present. A comparisdiffig. 14 of the line scans for - fo|4¢ through the sample. This can be accomplished by
Zqp=10 N andz,,=50 nm again shows a stromg, depen- o q46ing samples with higher index contrast or with index
dence both at high and low NA. Calculations for Samplesgrofiles with spatial variations that more closely match the

that are approximately a wavelength thick show additional i) |ocalization of the tip field. This enhanced contrast

Fabry-Peot structure. The thickness of the sample deteromes at the price of increased sensitivity to the tip field.

mines which sample modes provide enhanced transmissioRy,i jncreased sensitivity can be exploited to better probe the

The tip/samplg separation determines how strongly thes@ample, but it must be understood to properly separate
modes are excited.

sample properties from probe properties.
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